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Introduction
During the last decades, many efforts have been made to develop ceramics for utilization under thermal shock conditions [1] . Among them, composites present very high properties but their production cost is generally high [2] . In the case of bulk materials, reducing the thermal expansion coefficient is one of the keys to improve the thermal shock resistance [3] . Amongst the usual refractories, the chemical bond that presents the lowest thermal expansion is the carbon-carbon bond in graphite (around 1.0 10 -6 K -1 ) [4] , but some oxides can also exhibit low or negative thermal expansion (L/NTE). This stems from several structural mechanisms that affect the crystal cell [5, 6] , such as the rocking of vertices-connected polyhedra (e.g. silica,
Zr(WO 4 ) 2 ), the increase of symmetry (e.g. PbTiO 3 ), the coupling of negative expansion with a strong positive uniaxial one (e.g. NaZr 2 (PO 4 and -Zr 2 O(PO 4 ) 2 (2.6 10 -6 K -1 and 1.6 10 -6 K -1 , respectively) [7, 8] . The thermal expansion of the  form can be explained by a mechanism which involves a classical ring deformation and the rocking of bridging oxygen atoms, but this phase, which turns irreversibly into the -form between 1100 and 1250 °C, is of secondary interest [9, 10] . The low thermal expansion of the form is more atypical and can be explained by a dual thermal contraction mechanism based on cation-cation Coulombic repulsion that leads to the resorption of cavities of the structure and a rocking effect of the Zr-O-Zr bonds. -Zr 2 O(PO 4 ) 2 exhibits a thermal expansion anisotropy (3.9, -3.6 and 4.3 10 -6 K -1 for  a ,  b and  c , respectively). As it is a cheap, easy to synthesize, environmental-friendly, stable to around 1600 °C and chemically inert material, - Nevertheless, the presence of residual amorphous phase at grain boundaries could lead to a decrease of final properties. Moreover, the presence of a liquid phase enhances grain growth, resulting in the development of microcracks due to the anisotropy of thermal expansion in the crystal cell. Apart from the use of additives, sintering should be enhanced by decreasing the grain size of the starting powder, or by using pressure-assisted sintering techniques, such as Hot Pressing (HP) or Spark Plasma Sintering (SPS). These techniques are well known to be efficient for the elaboration of dense ceramics with limited grain growth [15] , and therefore with increased thermal properties [16, 17] . 
Thermal and mechanical properties
The thermal conductivity was measured by the transient plane source (TPS) technique, with a TPS 2500 Hot Disk thermal analyzer (accuracy of around 2%). This is an unsteady state method, based on the analysis of the thermal response of the sample surface to a heat rate supplied by the sensor. Indeed, the surface temperature increase strongly depends on the thermal properties -conductivity, diffusivity and specific heat. The sensor is placed between two identical samples. Heating is achieved by the passing an electrical current through the sensor and the surface temperature is measured from the electrical resistance variation of the same sensor. The detailed thermal model was explained by Gustafsson and He [18, 19] , assuming the sample is a semi-infinite region. This assumption avoids taking into account the convective and radiation boundary conditions. Resulting mean value is 0.59 ± 0.08 J.g -1 .°C -1 , which is in very good accordance with the result obtained from the DSC experiment.
Results and discussion

3.1.Synthesis and thermal behavior of Zr 2 O(PO 4 ) 2 powders
The obtained precipitate, dried at 110 °C, consisted of an amorphous powder with a very high specific surface area (335 m 2 .g -1 ) (Fig. 1.) . DTA/TG analysis highlights that dehydration occurs around 100 °C, evidencing that water is weakly bounded to the powder (adsorbed water) (Fig. 2.) . Crystallization occurs around 1000 °C. As already mentioned, Zr 2 O(PO 4 ) 2 crystallizes in its alpha form and turns gradually and irreversibly into the form between 1100 and 1250 °C. XRD analyses confirm the amorphous nature of the raw precipitate (Fig 3.) . After calcination at 1400 °C, the powder is well crystallized and mainly single phased (orthorhombic form, PDF n° 00-070-0888), with some traces of Zr 2 P 2 O 7 as secondary phase. 
* : ZrP2O7 * During heating, specific surface area decreases very rapidly (Fig. 4.) , probably through viscous sintering mechanism, so that it was not possible to obtain crystallized powder (neither alpha nor beta) with small and un-agglomerated grains. The resulting powder was then made of large hard agglomerates and exhibited a specific surface area of less than 1 m 2 .g -1 (Fig. 5) .
Consequently, a grinding step is required before sintering (see Section 3.), resulting in powder with mean grain size of around 1 m (Fig. 5.) and specific surface area of 11 m 2 .g -1 . Note that neither ZrP 2 O 7 nor ZrO 2 , that occur through thermal decomposition of the compound, were observed by XRD. Because the calcined/milled powder is crystallized, grain coarsening kinetics during heating is much lower than that of the amorphous raw powder. Therefore, the decrease of specific surface area is shifted toward the higher temperature (Fig. 4.) . 
Sintering
Conventional sintering
Based on the results of Yamai et al. [13] , Zr 2 O(PO 4 ) 2 ceramics were prepared by conventional sintering with ZnO as sintering additive. Fig. 6 . shows that the optimal doping level is around 
Spark Plasma Sintering
A thermal shock resistant material should exhibit both high thermal conductivity and good mechanical properties. For a given material, this implies to reach high relative density while maintaining a fine microstructure. As mentioned earlier, for materials with high thermal expansion anisotropy, grains size should be kept below the transition grain size (around 7 m for Zr 2 O(PO 4 ) 2 ). Spark Plasma Sintering is a technique that allows densifying materials while maintaining a fine microstructure [15] . to 1600 °C [20] , but in the presence of graphite, a reduction of phosphorus should start at 1450 °C so that it is impossible to sinter at higher temperature. Final relative density is 77.8 % (Table 1 ). This first result shows that fully dense Zr 2 O(PO 4 ) 2 ceramics cannot be obtained from the pure compound, even by SPS technique. The use of sintering additives is thus required, as in the case of conventional sintering. Based on the work of Yamai et al. [13] , ZnO and MgO were tested as sintering aids. Fig. 10 shows that linear shrinkage reaches a plateau in both cases, at 1000 and 1200 °C, respectively. This improvement of densification behavior can be explained by the formation of a secondary phase (M 3 (PO 4 ) 2 , M: Zn or Mg) that melts at low temperature (1040 and 1184 °C, respectively), thus enhancing densification by a liquid phase sintering mechanism.
Resulting pellets were deeply black, due to the carbon contamination and the reducing atmosphere generated by the graphite die at high temperature. White pellets can be obtained without modification of the relative density after annealing treatment under air at 1100 °C for at least 20 h only for Mg doped samples. For Zn doped samples, an important swelling was observed when annealing treatment was performed at temperature higher than 1000 °C.
Annealing below 1000 °C was inefficient. This phenomenon is not explained. Consequently, only MgO was used as sintering additive for the rest of the study. Fig. 11 shows the relative shrinkage of attrition milled Zr 2 O(PO 4 ) 2 powder sintered with different amounts of MgO. At 1300 °C, full densification is reached only for 5 wt. % of MgO (Table 1) . higher than the transition grain size reported by Yamai and Ota and previously explained in this paper [13] . The presence of a lot of microcracks, as shown on Fig. 12 -c, was thus expected. If the spark plasma sintering of unmilled powder lead to ceramics with acceptable final relative density, the presence of these microcracks makes these samples unusable as a thermal shock resistant materials. Note that some microcracks are also observed in the sample made with the milled powder doped with 1 wt. % of MgO. The microcracks are located near the grains with a size value higher than the transition grain size (Fig. 12-b) . Changes in thermal conductivity from room temperature to 170 °C are plotted in Fig. 13 twice the values obtained with a conventional sintering and reported in the literature [21] .
Thermal conductivity is a little bit lower when unmilled powder is used, which can be explained by the presence of residual microcracks within the sample (Fig. 12) . their microstructure. The main key for achieving the best thermal and mechanical properties is to maintain grain size below the "transition grain size" of around 7 m. Thus, improved mechanical and thermal properties were achieved for the sample sintered by SPS with 5% wt.
% of MgO. This sample is very promising as a thermal shock resistant material.
